Okra (*Abelmoschus esculentus* (L.) Moench) is an annual herb in the family Malvaceae, which is wildly grown in Africa, Asia, America, and Europe. It has high economic value that the whole plant, roots, leaves, flowers, and seeds of okra are commonly consumed as a vegetable or for medicinal purposes \[[@CIT0001]\]. Okra is commonly planted on a large scale worldwide, with 1.78 million ha harvested area and 9.50 million tons in 2012 and 1.83 million ha harvested area and 9.62 million tons in 2014 (<http://www.fao.org/faostat/en/#data/QC>). In 1914, okra was brought into China \[[@CIT0002]\] and has been commonly cultivated. China became one of the large okra producers in the world.

There are several major pathogens associated with okra production. These include *Alternaria alternate*, *Aplosporella beaumontiana*, *Cercospora abelmoschi*, *Choanephora conjuncta*, and *Fusarium oxysporum* worldwide \[[@CIT0003]\]. Vascular wilt caused by soil-borne pathogens is one of the most destroying and economically important plant diseases worldwide \[[@CIT0008]\]. *Verticillium* wilt is one of the most terrible and ubiquitous vascular disease in vegetables, ornamental, and tree crops, which could be caused by many species of *Verticillium*. *Verticillium* is a group of fungi and have a long taxonomic history. About 190 species so far have been described \[[@CIT0009]\]. *V. dahliae* is a highly virulent and phytopathogenic fungus. In China, only three pathogens have been reported on okra, namely *Boeremia exigua*, *Botrytis cinerea*, and *F. solani*, causing Boeremia leaf and fruit spot, grey mold, and Fusarium root rot, respectively \[[@CIT0010]\].

From 2014 to 2016, wilt symptoms were observed in four commercial fields of okra the occurrence of this disease was assessed in Yanqing District (115°97′E, 40°47′N), Beijing City, China. The objective of this study was to identify the pathogen associated with this wilt disease.

During a field survey conducted in China in December 2014--October 2016, commercial okra plants exhibiting typical wilt symptoms were observed. In the fields, the plants showed typical wilt symptom ([Figure 1(A)](#F0001){ref-type="fig"}). Leaves became firstly yellow, and then wilted. The black stripes and discoloration were showed in the inside of the infected stems ([Figure 1(B)](#F0001){ref-type="fig"}). Under high humidity condition, the stems developed a layer of white mold ([Figure 1(C)](#F0001){ref-type="fig"}). A total of 39 diseased plants were arbitrarily selected over the okra production area and examined for the possible causes. Diseased vascular system was washed with running tap water and cut into small pieces (5 × 5 mm). The pieces were surface-sterilized for 1 min in 1% NaOCl, 30 s in 75% ethanol, and rinsed with sterilized distilled water, and then placed on potato dextrose agar (PDA) with 0.03% streptomycin sulfate (five pieces per dish). All dishes were incubated at 22 ± 2 °C under darkness in a growth chamber.

![(A) Symptoms of Verticillium wilt on okra in the field. (B) Vascular wilt appeared on longitudinal sections of stems. (C) A layer of white mold on stems under high humidity.](TMYB_A_1505246_F0001_C){#F0001}

Mycelia from some colonies were transferred to new PDA dishes at 22 ± 2 °C under darkness for 20 days. Fungal colonies were purified by single-spore culturing.

After 10 days of incubation on PDA at 25 °C under darkness, 86 isolates were obtained from 39 diseased plants. Colony texture were off-white with a felt-like surface and a little toothed margin ([Figure 2(A)](#F0002){ref-type="fig"}). On the surface of colonies, a lot of small black spots named microsclerotia were formed. Microsclerotia were nearly spherical, diameter 41.3 μm ([Figure 2(B)](#F0002){ref-type="fig"}). The conidiophore is always transparent, the upper end is composed of 3--4 radial shoots and a bud branch, colorless, with a diaphragm, each layer is separated by 20--45 μm, 3--4 branches per wheel, 13.7--21.4 μm × 2.3--2.7 μm, each branch of the first to a few conidia, full length 110--130 μm × 2.5 μm ([Figure 2(C)](#F0002){ref-type="fig"}). Conidia are long-oval, colorless, monospora, 2.3--9.1 μm × 1.5--3 μm ([Figure 2(D)](#F0002){ref-type="fig"}). Based on these morphological characteristics, all 36 isolates were identified as *V. dahliae* (Kleb.).

![Cultural characteristics and morphological features of *Verticillium dahliae*. (A) Colony grown on PDA at 25 °C for 20 days. (B) Microsclerotium (Bar = 20 μm). (C) Mycelia and verticillate conidiophores of the isolate (Bar = 20 μm). (D) Conidia of the isolate (Bar = 20 μm).](TMYB_A_1505246_F0002_C){#F0002}

The pathogenicity tests of the 36 isolates randomly selected were conducted on healthy okra cultivars cv. Jiayuan using the root-dip technique. The conidia were collected from 20-day-old PDA cultures incubated at 22 ± 2 °C under darkness. Spore suspension was prepared by adding autoclaved water and the concentration was adjusted to 1 × 10^6^ spores/ml using a hemocytometer. The seedlings were planted in 6 cm diameter plastic pots in the greenhouse maintained at 25 ± 2 °C with 60% relative humidity (RH) and a 12-h photoperiod. Three-week-old seedlings were inoculated by dipping roots in suspension for 1 min and seedlings treated with sterile distilled water served as a negative control. All inoculated seedlings were transplanted into pots under greenhouse conditions in a growth chamber (25 ± 2 °C with 98% RH 12/12 h day/night cycle). The pathogen was re-isolated from all inoculated seedlings. Morphological and culture characteristics of cultured isolates were compared with the original isolates. The experiment was repeated three times, each time with 15 plants replicates per isolate. Data sets were tested for percent infection using the following formula \[[@CIT0013]\]: $$\text{Infection~}\left( \% \right) = \left( C_{L}/T_{L} \right) \times 100$$

$C_{L}$ represents the number of chlorotic leaves, while $T_{L}$ is the total number of leaves on a tested okra.

The pathogenicity tests revealed that all 36 isolates were pathogenic to okra. The plants inoculated with the spore suspension showed typical vascular wilt symptoms. After 20 days of inoculation, the top of plants showed infection symptoms such as branch dieback on one side of the shoot. The leaves turned yellow subsequently. As the disease expanded, the leaves became wilted ([Figure 3(A,a)](#F0003){ref-type="fig"}). The stems and roots exhibited the characteristic vascular discoloration of *Verticillium* infection. Longitudinal sections of the roots displayed browning of vascular tissues ([Figure 3(B,b)](#F0003){ref-type="fig"}), while the no-incubated plants also showed no symptoms ([Figure 3(A,ck](#F0003){ref-type="fig"})). Eventually, the plants wilted and died. Approximately 72% of the inoculated plants showed symptoms of Verticillium wilt ([Table 1](#t0001){ref-type="table"}).

![Inoculated okra plants. (A) The plant wilt after inoculation (left) and control plants (right). (B) The roots became brown and rotting after inoculation (left) and control plants (right).](TMYB_A_1505246_F0003_C){#F0003}

###### 

Disease incidence of inoculated okra plants.

  Sample No.   Culture code   Host                              Location                                Species                  Disease incidence %
  ------------ -------------- --------------------------------- --------------------------------------- ------------------------ ---------------------
  1            QK14121901     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *Verticillium dahliae*   73
  2            QK14121902     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  3            QK14121903     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              86
  4            QK14121904     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  5            QK14121905     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  6            QK14121906     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  7            QK14121907     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  8            QK14121908     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  9            QK14121909     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              60
  10           QK14121910     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              80
  11           QK14121911     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  12           QK14121912     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  13           QK14121913     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  14           QK14121914     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  15           QK14121915     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  16           QK14121916     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              86
  17           QK14121917     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              86
  18           QK14121918     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              60
  19           QK14121919     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  20           QK14121920     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  21           QK14121921     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  22           QK14121922     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              73
  23           QK14121923     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              77
  24           QK14121924     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              76
  25           QK14121925     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              78
  26           QK14121926     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              62
  27           QK14121927     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              72
  28           QK14121928     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              60
  29           QK14121929     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              72
  30           QK14121930     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              85
  31           QK14121931     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              75
  32           QK14121932     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              67
  33           QK14121933     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              72
  34           QK14121934     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              58
  35           QK14121935     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              72
  36           QK14121936     Okra (*Abelmoschus esculentus*)   Yanqing District, Beijing City, China   *V. dahlia*              68

The 36 isolates randomly selected were grown on PDA at 22 ± 2 °C for 10 days, and then transferred to potato dextrose (PD) at 27 °C for 10 days on a shaker with 120 rpm. Approximately 25 mg mycelium of each isolate was collected for the total genomic DNA extraction using the CTAB method \[[@CIT0014]\]. The internal transcribed spaces rDNA (ITS rDNA), mitochondrial small subunit rDNA (mtSSU rDNA), 5.8S rDNA, and 18S rDNA were amplified using primers ITS1/ITS4, VaF1/VaR1, and VeruniF2/VeruniR3 \[[@CIT0015]\]. All PCR mixtures and conditions followed those outlined by White et al. \[[@CIT0015]\]. Sequencing was executed by Biomad (BigDye Terminator ready reaction mix v31; Applied Biosystems, Bejing, China). The resulting sequences were compared with the GenBank database using BLASTN in the National Center for Biotechnology Information database (NCBI, <http://www.ncbi.nlm.nih.gov>). Both similar sequences and the outgroup were aligned using MEGA 6.1 software package, and then phylogenetic analysis was conducted using the Neighbor-Joining (NJ) method with a bootstrap of 1000 replicates based on the ITS sequence. The experiments were conducted twice for confirmation.

The ITS rDNA, mtSSU rDNA, 5.8S rDNA, and 18S rDNA of all 36 isolates were amplified by PCR. Sequence analysis showed the products were approximately 543, 722, and 699 bp in size. The sequence fragments shared 99--100% identity with published *V. dahliae* isolates in GenBank (Accession nos. AF104926, FJ900214; GU461423, AF108486; CP010980, CP009075; U33637, KJ443093, respectively). The sequences of the representative isolate QK14120901 have been submitted to NCBI database in GenBank (Accession nos. KR528468, MG572339, MG572340). Phylogenetic analysis revealed that the representative isolate was clustered in a clade with known *V. dahliae*, while forming a distinct clade from the other *Verticillium* species ([Figure 4](#F0004){ref-type="fig"}).

![Phylogenetic tree constructed using the Neighbour-joining method of MEGA 6.1 program based on the ITS sequences of the tested isolate (KR528468) and 20 isolates retrieved form Genebank. Bootstrap support values resulting from 1000 replicates and *Phytophthora drechsleri* served as the out group.](TMYB_A_1505246_F0004_B){#F0004}

*V. dahliae* can survive in soil for at least 14 years as dormant and persistent microsclerotia \[[@CIT0018]\]. It has the widest host range than other *Verticillium* species, affecting more than 200 hosts in at least 14 different families \[[@CIT0019]\]. Among the major *Verticillium* species, *V. dahliae* and *V. albo-atrum* are the most important species which could cause economic losses in crops in most studies. *V. dahliae* could produce microsclerotia while *V. albo-atrum* produce melanized mycelia and pigmented conidiophores \[[@CIT0020]\]. Verticillium wilt caused by *V. longisporum* has also been reported in Sweden, Germany, France, Poland, and Japan, which was specifically pathogenic on Brassicacease cabbage and Chinese cabbage. Studies have showed that the molecular phylogenetic relatives of *V. dahliae*, *V. albo-atrum*, and *V. longisporum* are close, whereas they formed a distinct clade from the *V. tricorpus* \[[@CIT0021]\].

So far, Verticillium wilt has been reported by many countries, such as Israel and Spain on mango, California on artichoke, Greece on sugar beet, Trinidad on pumpkin, and so on. In China, Verticillium wilt is extremely harmful to the widely planted cotton, eggplant, Chinese cabbage, sunflower, tomato. More importantly, Verticillium wilt of okra caused by *V. dahliae* has been reported only in Brazil, Bulgari, California, and Zimbabwe \[[@CIT0003], [@CIT0022]\], whereas there was no detailed description. However, this is the first report of *V. dahliae* causing Verticillium wilt on okra in China.
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